This paper describes a projection system using DLP projectors and parabolic mirrors to provide a 90
Introduction
Ever since the personal computer became sufficiently powerful to support impressive graphics, users have longed for increasingly capable display devices. The traditional or most often sought scheme has been to increase not only pixel count but also pixel spatial density. Early computer screens often operated at about 72 pixels per inch (ppi) or one screen pixel was almost equivalent to a printer's point. Today, laptop computers such as the Dell Inspiron series can be purchased with AMLCD screens having a spatial pixel density of 133 in −1 . Such screens possess a 1600 × 1200 RGB pixel screen. The IBM T221 display is a 22-inch diagonal AMLCD having a pixel count of 3840 × 2560 RGB pixels. The T221 has a spatial pixel density of 204 ppi. The subject of this author's work was to ask and evaluate how one might use higher pixel counts to achieve larger display area not higher spatial density. One can hardly question the value of high-pixel-count displays, but whether to use the pixels in a spatially dense form or a less dense large-area format seemed worth evaluating. It seemed that a user might be asked to answer one of the following two questions in the affirmative:
(1) Would you like your physical desk to be cut down to the size of your display-Yes or No? (2) Would you like you display to be made as big as your physical desk-Yes or No?
In presenting these questions to several people here in Microsoft Research as well as others around the company, the answers were unanimous. 'No' to number (1) and 'Yes' to number (2). The research question then came to be, how might one achieve an implementation that satisfies the 'Yes' answer to question 2? Furthermore, what should our test display size be? In general it has been accepted that displays having an aspect ratio or height/width of 2.7 are practical when it comes to utilization of the whole screen and minimization of head motion which can be tiring for intensive computer tasks such as office work. Since the standard computer display as well as television has an aspect ratio of 4:3, two such displays side by side yield 8:3 or 2.66 to 1. Large displays having this aspect ratio were built and tested in the last two years. It was found that such displays significantly improved user productivity and markedly reduced wasted motion. 'Housekeeping' chores such as placing applications on the Windows taskbar and then back on the screen were greatly reduced. Additionally, comprehension of a task was greatly improved because more work could be seen at one time. Our human visual system is well designed to use large visual fields and it seems only natural that large-visual-field displays would play well with the human vision system.
The DSHARP design
Subsequent to the above discussion and our experiments and evaluation of a two-display system, the author felt that a more impressive and useful system could result from using a triple wide system. Such a system would possess a 3 × 4:3 or 4:1 aspect ratio. An illustration of a typical system is shown in figure 1 .
While this is significantly larger than the suggested 2.7:1 'ideal', curving the display so that it 'wrapped' the user would make the display 'immersive'. The design issue of how to build such a device then became very important. First, flatpanel displays were rejected, since even though they could be abutted to form a faceted display, the screen bezels would be at least 1/2 in or about 1 cm and thus form a 2 cm gap between screen images. While this is not a fatal flaw, it was found to significantly diminish the value of such a large display. When, for example, an Excel spreadsheet was stretched across all the displays, the cognitive 'jump' required to look across the bezel gap was counterproductive and unpleasant. The best design methodology seemed to be to use projection display devices.
The final design utilized three Plus TM U2-1080 digital light projectors or DLPs. This projector provides 800 lm output and XGA or 1024 × 768 pixel resolution. Thus, a triple system would yield a display having 3072 × 768 pixels. The pixels are RGB and have 24 bits of colour per pixel. After trying several configurations, a 90
• curvature screen with an 11 × 44 in image size was chosen. This yielded a pixel density on the screen surface of about 70 ppi. While not a high number, it was found to be adequate for most applications. Furthermore, the high brightness and high contrast of the projectors gave excellent image quality. Measured lumen output under normal operating conditions was about 500 lm per projector. Thus, with three projectors, 1500 lm was spread over an 11 × 44 in screen area. Equation (1) represents the screen brightness calculation, where L p is the total screen lumens, T s is the screen transmittance and S h and S w are the projection screen height and width respectively:
Inserting the values for these parameters results in the value of B becoming B = 1500 × 0.7/(11 × 44 × π) = 0.69 lm in −2 sr −1 .
This evaluates to 1070 lm m −2 sr −1 or about six times as bright as a standard cathode ray tube or LCD monitor. This brightness has a number of advantages. First, eye fatigue is greatly reduced in the presence of higher screen luminance. Secondly, the apparent intensity of colours or chroma is higher due to the increased luminance. Thirdly, should the user want less light, simple filtration or turning the intensity down achieves this goal. The projectors under normal circumstances provided a contrast ratio of about 400:1. The value can go somewhat up or down a little depending on the image being projected. This is due of course to the veiling glare in the optical system. Also, the rear projection screen will also look dark grey in bright room lights due to the screen surface having a low but finite reflectance.
The U2-1080 DLP projectors require a minimum projection distance of about 40 inches. DLP projectors were chosen for their excellent image quality and contrast as well as their nearly invisible pixel boundaries. Thus the projection optical path was chosen to be about 43 inches. The author felt that the DLP projection technology represented the highestquality projection technology available. Using the U2-1080 projectors yields a vertical image size of about 11 in or 28 cm. This condition is chosen so that there is room to adjust each projected image to be the same size as its neighbour. Assembly and fabrication tolerances and alignment of the system are greatly facilitated by choosing this condition as well as the availability of a modest optical zoom from the projection lens.
Optical system design
The desire to curve the screen to obtain user 'immersion' in their work raised an important design issue. The screen was designed to possess a circular radius of about 34 in or about 864 mm. Video projectors are most often designed to produce a rectangular image on a flat surface. Fortunately, the Plus U2-1080 projectors have very little distortion on a flat surface and were found to give excellent image quality overall. When one projects a rectangular image on a curved surface, image distortion can and will generally occur. The distortion of a rear-projected image on an outward curving cylindrical surface often appears as shown in figure 2.
To alleviate such distortion, one might think about just using a flat wide screen. However, experiments with such wide-screen systems yielded less than desirable results. A long flat rectangle causes significant perspective distortion as well as often requiring the user to physically move towards the end of the display to properly see the image or work task. The curved display permitted the user to look approximately normal to the screen surface by merely glancing to the right or left. Not only is the realism maintained but no significant perspective distortion results. The design problem, however, is how to prohibit the triple-wide-screen image from having three projected frames each appearing as shown in figure 3. To solve this problem, one needs to modify the optical path distortion without significantly impacting other image quality parameters. The curved screen obviously adds pincushion distortion in the horizontal direction. To control this problem, a number of solutions were reviewed but the most workable turned out to be the use of parabolic reflectors. Since careful optical design was required, a valuable ray-tracing and design tool known as Zemax software was used. It was found that a parabola having about twice the principal radius of the screen was appropriate. The optical design yielded a reasonable degree of freedom and the radius chosen for the parabola turned out to be about 3050 mm. This is about a focal length of 60 inches. Rather than having to have such a mirror made, it was found that amateur telescope mirrors were in this range. Commercial mirrors having a focal length of 3251 mm as well as a 200 mm diameter were located from a couple of vendors and have been used with great success.
Overall optical design and projector-to-mirror distances indicated that a 200 mm diameter parabola was adequate. Since the cost of such parabolas is largely a function of their size, keeping the parabola as small as is practical would reduce the cost and weight of the system. If one uses a smaller-diameter parabola and gets the parabola too close to the projection lens, the required radius gets shorter and image quality suffers due to the added astigmatism. Reflecting surfaces are notorious for their off-axis aberrations. Careful design and positioning, however, produced a folded system that greatly reduced overall display size while maintaining image quality and removing most of the distortion. To make the projection path small enough to place it in a desk-sized configuration, it was determined that two folds were required in the optical path. One fold is accomplished by a plane mirror and the second fold utilizes a parabolic mirror having a primary radius of curvature of about 60 inches. The reflection angle of the axial ray off the parabolic mirror is about 20
• . The folded system is shown in figure 4. 
Summary and user benefits
The resultant physical display system is shown in figure 5 . Figure 6 illustrates an Excel spreadsheet on the DSHARP screen. This spreadsheet has 45 columns and illustrates the large image space that can be occupied by an application. Of course, one could place several applications on the screen as well. Furthermore, figure 6 illustrates the degree of correction that the parabolic mirrors provide so that the resultant curved screen image is not 'scalloped'. The blending of the image seams is seen to be quite acceptable and light fall-off is not significant and could be controlled by other means if required.
The intrinsic spatial resolution at the screen is about 72 ppi. Most users found reasonable comfort with this resolution. Typical user-selected viewing distances were about 25-30 inches which implies a viewing angle to the edges of the screen of about 110
• . A Microsoft Word document would have five pages open at 65% size so that editing can be done on several pages at once, permitting reflow of edited work to be seen as editing changes occur. Adobe PhotoShop TM images also provide a compelling experience. Thus, this display can permit the user to have three applications simultaneously open at once or 'stretch' an application across the entire screen area. User tests are under way, but early results show significant increases in user productivity due to reduced 'housekeeping' chores on a small screen area. Furthermore, the increased area coupled with much higher screen brightness produce much less user fatigue and improved user satisfaction. In the future, improved sound and user interface elements will be added to further improve the system. As covered in [1] , there were also unexpected user benefits for both males and females. Since the personal computer has gained most of its popularity due to the way personal computing has revolutionized the marketplace, the DSHARP display is aimed at making further productivity improvements as well. In the early 1980s, there was much concern about whether colour should be put into computer graphics and their displays. This concern was basically one of cost. Why use colour? Since the human being comes already designed to see colour, it seems in retrospect that use of colour should have been obvious and one can now hardly imagine computer displays in monochrome only. Just as in the case of colour, human beings also possess a great peripheral vision system and DSHARP aims at making increased use of this capability. One does not have to train human beings to use peripheral or colour vision and, therefore, incorporation of such capabilities in displays can only serve to benefit us. It is expected that in the near future, DSHARP types of display will become increasingly common in the work environment. It might be noticed from figure 5 that the DSHARP display appears to be large. While this is true for this prototype, the purpose of the display was to evaluate the productivity and user experience values of such a display. 'Productized' displays would of course probably be smaller and less demanding on office space. This size reduction will come as a product of both engineering and display technology choices as well as final screen size. Such a display has been found to give information workers much improved productivity, hence making the tasks to be accomplished more pleasant and less stressful as well as benefiting the businesses in which those information workers work.
